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Understanding which factors affect the process of leaf litter decomposition is crucial if we are to predict
changes in the functioning of stream ecosystems as a result of human activities. One major activity with
known consequences on streams is agriculture, which is of particular concern in tropical regions, where
forests are being rapidly replaced by crops. While pesticides are potential drivers of reduced decom-
position rates observed in agricultural tropical streams, their specific effects on the performance of
decomposers and detritivores are mostly unknown. We used a microcosm experiment to examine the
individual and joint effects of an insecticide (chlorpyrifos) and a fungicide (chlorothalonil) on survival
and growth of detritivores (Anchytarsus, Hyalella and Lepidostoma), aquatic hyphomycetes (AH) sporu-
lation rate, taxon richness, assemblage structure, and leaf litter decomposition rates. Our results revealed
detrimental effects on detritivore survival (which were mostly due to the insecticide and strongest for
Hyalella), changes in AH assemblage structure, and reduced sporulation rate, taxon richness and mi-
crobial decomposition (mostly in response to the fungicide). Total decomposition was reduced especially
when the pesticides were combined, suggesting that they operated differently and their effects were
additive. Importantly, effects on decomposition were greater for single-species detritivore treatments
than for the 3-species mixture, indicating that detritivore species loss may exacerbate the consequences
of pesticides of stream ecosystem functioning.
© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Riverine ecosystems are highly vulnerable to biodiversity loss
and changes in ecosystem functioning due to a wide range of
anthropogenic stressors (Chauvet et al., 2016; Reid et al., 2018). Of
the human activities that have detrimental impact on streams, one
of the strongest is agriculture, which is particularly concerning in
tropical regions of the world, where forests are rapidly being
replaced by crops (Gibbs et al., 2010). Agriculture involves a number
of stressors, including habitat loss (Burdon et al., 2013), organice by Philip N. Smith.
jo).
r Ltd. This is an open access articlepollution (Graeber et al., 2015) and the presence of pesticides
(Schafer et al., 2007), all of which can interact to impair tropical
stream communities (Cornejo et al., 2019) and ecosystem func-
tioning (Cornejo et al., 2020b). However, there is little information
about the specific effects that pesticides have on key ecosystem
processes such as leaf litter decomposition, and the organisms
mediating this process (i.e., microbial decomposers and litter-
feeding detritivores), in the tropics.
The process of leaf litter decomposition is a key component of
stream ecosystem functioning, often used as indicator of ecosystem
integrity (Gessner and Chauvet, 2002; Young et al., 2008) and
relevant for global biogeochemical cycles (Boyero et al., 2011b;
Handa et al., 2014). Understanding which factors affect decompo-
sition is thus crucial, but it is complex because the process involves
multiple biological interactions at different trophic levels (Gessnerunder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/
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et al., 2020), microbial decomposers (Santschi et al., 2017) and
detritivores (Boyero et al., 2014) can all influence decomposition.
Moreover, different species, numbers and combinations of species
can be differently affected by particular stressors (Maltby, 1999;
Thompson et al., 2018), and thus modulate their effects on
decomposition.
Effects of pesticides on microbial decomposers and detritivores
in the tropics are mostly unknown. However, experiments con-
ducted in other areas of the world suggest that these organisms are
probably impaired by pesticides, and these effects are likely to
reduce litter decomposition rates (Zubrod et al., 2014; Cornejo
et al., 2020a). Another unexplored question is whether more
diverse detritivore assemblages attenuate the effects of pesticides
on decomposition. This is possible because diversity increases the
number of functional traits present in the assemblage (Petchey and
Gaston, 2006), possibly including a broader range of sensitivity to
stressors (Ippolito et al., 2012). This issue is particularly important
for tropical streams because they often have low detritivore di-
versity locally, even when the regional species pool is high (Boyero
et al., 2011a, 2012, 2015), so pesticides may therefore have greater
effects on decomposition in tropical than in temperate streams.
We examined the above questions in a microcosm experiment
using two pesticides that are among the most widely used in
agriculture in our study region (western Panama), where they have
been found at concentrations that exceed the recommended levels
(MIDA, 2016): the insecticide chlorpyrifos and the fungicide
chlorothalonil. We explored how these two pesticides, individually
and together, at low and high concentrations in both cases,
impacted (i) three common detritivores in the study area, indi-
vidually and together (i.e., in 1-species and 3-species assemblages,
respectively); (ii) assemblages of microbial decomposers (i.e.,
aquatic hyphomycetes, hereafter AH), and (iii) decomposition rates
(total and microbial). We tested the following hypotheses: (1) the
pesticides reduce detritivore survival and growth, AH sporulation
rate and taxon richness, and decomposition rates, and alter AH
assemblage structure; (2) effects of each pesticide are greater at
higher concentration and when they are in combination; and (3)
pesticide effects on different detritivore species follow a similar
trajectory but vary in intensity (due to differences in species
sensitivity), with effects lower in the 3-species detritivore assem-
blage compared to single species.2. Materials and methods
2.1. Study area
The microcosm experiment was conducted in November and
December 2019 (wet season) at the outdoor facilities of the Min-
istry of the Environment Station in La Amistad International Park
(PILA; 88.94 N, 82.615 W; Fig. S1). The PILA station is located ca.
400 m from the headwater stream of the Chiriquí Viejo River upper
catchment, in the Pacific coast of western Panama (8.25e9.00 N,
82.25e83.00 W). The area has a tropical climate with minimum,
average and maximum air temperatures of 17.8, 28.0 and 35.5 C,
respectively (ANAM, 2014). Total average annual precipitation is
3400 mm, with a maximum of 7000mm at high altitudes, of which
87.7% occurs in the wet season from May to December (ETESA,
2008).2.2. Pesticides
We used two of the pesticides most commonly used in the
upper catchment of the Chiriquí Viejo river (Cornejo et al., 2019,2
2020b) in the experiment: the insecticide chlorpyrifos and the
fungicide chlorothalonil. Chlorpyrifos (C9H11Cl3NO3PS) is an
organophosphate insecticide that inhibits acetylcholinesterase
(AChE); it is widely used in agriculture and in our study area it is
found at concentrations of 0.14e15.24 mg L1 (Cornejo et al., 2019).
Chlorothalonil (C8Cl4N2) is a polychlorinated aromatic compound
found in concentrations of 0.26e0.38 mg L1 in sediments of the
study catchment (MIDA, 2016). Both pesticides were lethal for the
three most common detritivores in our study area in acute toxicity
bioassays (Cornejo et al., 2021), and the fungicide affected AHs, a
detritivore caddisfly and decomposition rates in a microcosm
experiment conducted in northern Spain (Cornejo et al., 2020a).
The two pesticides were purchased in local agricultural stores
authorized for the sale and distribution of agrochemicals, and di-
lutions were made with filtered water from the Chiriquí Viejo
stream collected within the La Amistad International Park (PILA),
where no pesticides had been detected (Cornejo et al., 2020b).
Given that we could not measure concentrations during the
experiment, due to logistical and financial limitations, we used
nominal concentrations that were prepared from two stock solu-
tions: a 100 mg L1 stock solution, which was used to prepare the
low experimental concentration (0.01 mg L1), and a 1000 mg L1
stock solution, used for the high experimental concentration
(1.0 mg L1). Solutions were prepared using glass volumetric flasks
and plastic micropipette tips, following usual protocols. We
acknowledge that the use of nominal concentrations allows our
results to be compared to those of other studies but precludes their
use in regulatory risk assessment (Von Fumetti and Blaurock, 2018).2.3. Leaf litter
We used leaf litter of Alnus acuminata Kunth. (Betulaceae), an
alder species that is common in the riparian vegetation of the
Chiriquí Viejo river. This species is often used in decomposition
studies (Encalada et al., 2010; Rincon et al., 2017; Cornejo et al.,
2020b) because of the high quality of its leaf litter, with specific
leaf area of 11.5 ± 1.9 mm2 mg1 and nitrogen concentration of
2.39 ± 0.08% (mean ± SE; Boyero et al., 2021). We collected recently
senesced leaf litter from the riparian forest floor in the study
catchment (8.89 N, 82.62 W) in September 2019. In the labora-
tory, leaf litter was air dried; cut in ca. 2 2 cm fragments excluding
the basal petiole insertion; thoroughly mixed to avoid any potential
bias that differences in terrestrial fungal colonization among leaves
could introduce; and stored within cardboard boxes until its use.2.4. Detritivores
We selected three detritivore taxa that are common in the
Chiriquí Viejo river upper catchment (Cornejo et al., 2019, 2020b):
Anchytarsus sp. (Coleoptera: Ptilodactylidae), Hyalella sp. (Amphi-
poda: Hyalellidae) and Lepidostoma sp. (Trichoptera: Lep-
idostomatidae). We collected them in 1st and 2nd order streams
located within protected areas (Barú Volcano National Park and
PILA), to guarantee that they had not been previously exposed to
pesticides (Fig. S1). The average pH was 7.5; water temperature
14.4 C; conductivity 43.7 mS cm1; turbidity 0.3 NTU; and dis-
solved oxygen saturation 97.6%. For detritivore collection we used
litter bags filled with A. acuminata leaf litter and submerged in the
stream for 15 days, ormultihabitat sampling using a D-net with 0.5-
mmmesh. Detritivores were placed in plastic containers filled with
stream water and litter, with constant aeration, and transferred to
the experimental facilities where they were counted and identified
using a stereoscope. They were acclimatized for 96 h in aquariums
with 1e2 L of stream filtered water with constant aeration
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perature of 14.4 ± 0.2 C and with a light: dark regime of 12:12 h.
They were fed with fragments of A. acuminata leaf litter for the first
48 h of acclimatization, and then fasted for 24 h before starting the
experiment in order to homogenize their initial condition. We used
504 individuals in the experiment (168 individuals per species).
Another 90 individuals (30 per species) were used to estimate
initial biomass of experimental individuals, based on body length
(L, mm)/dry mass (DM; g) relationships. The relationships were:
Anchytarsus, DM ¼ 0.0004e0.1739x, r2 ¼ 0.81; Hyalella, DM ¼
0.0004e0.2111x, r2 ¼ 0.65; and Lepidostoma, DM ¼ 0.0003e0.2624x,
r2 ¼ 0.37 (Fig. S2). The estimated mean DM ± SD of experimental
individual was: Anchytarsus, 15.5 ± 9.2 mg; Hyalella, 1.4 ± 0.52 mg;
Lepidostoma, 1.5 ± 1.03 mg.
2.5. Aquatic hyphomycetes
In November 2019, we collected natural leaves in different
stages of decomposition from the benthos of the Chiriquí Viejo
stream, a tributary of the main river (8,893N; 82,619W). These
leaves were incubated at 14.4 ± 0.2 C for three days in a glass
aquarium (2.2 L) with filtered tap water (100 mm), renewed every
24 h. Aliquots of 10 mL of this water were used to inoculate each
microcosm at the beginning of the experiment (day 0), and four
extra 25-mL aliquots were used to characterize the initial AH
assemblage. These samples were pre-stained with 2 drops of try-
pan blue, preserved with 2 mL of 35% formalin and adjusted to
35mLwith distilled water. In order to ensure a uniform distribution
of conidia, each sample was mixed with a magnetic stirrer and
received 100 mL of Triton X-100 (0.5%). A sub-sample of 10 mL was
filtered (25-mm diameter, pore size 5 mm, Millipore SMWP, Milli-
pore Corporation) with gentle vacuum (Descals, 2005). Immedi-
ately after, filters were stained with two drops of 0.4% trypan blue,
and conidia were identified and counted at 200  magnification
(Gulis et al., 2005). The AH assemblage in the inoculum was
composed of 11 taxa (Table S1), with Tetrachaetum elegans Ingold,
Lunulospora curvula Ingold and Alatospora acuminata Ingold being
the dominant species.
2.6. Experimental procedure and sample processing
The experiment was carried out at the PILA station, with tem-
perature of 14.4 ± 0.2 C (which was the temperature in nearby
streams at the time of the experiment) and a light:dark regime of
12:12 h, reflecting natural conditions at the time. Microcosms
consisted of 500-mL glass jars, which were aerated through a sys-
tem of syringes connected to hoses that were fed from a pump.
Each microcosm contained 300 mL of filtered (100 mm) water from
the Chiriquí Viejo stream; 0.700 ± 0.01 g of leaf litter accessible to
detritivores; 0.300 ± 0.01 g of leaf litter enclosed within a 100-mm
mesh bag, which served to determine microbial decomposition;
and three detritivore individuals.
The 168 microcosms were homogeneously distributed among
the different treatments of two factors, (1) the pesticide factor and
(2) the detritivore factor, with six replicates for each combination of
factor and treatment (Fig. S3). The pesticide factor had seven
treatments corresponding to different concentrations of pesticides
individually and together: control (no pesticides); the insecticide in
low concentration (0.01 mg L-1); the insecticide in high concentra-
tion (0.1 mg L1); the fungicide in low concentration (0.01 mg L1);
the fungicide in high concentration (0.1 mg L1); both pesticides in
low concentration (0.01 mg L1); and both pesticides in high con-
centration (0.1 mg L1). The detritivore factor had four treatments:
Anchytarsus, Hyalella, Lepidostoma, and the 3-species assemblage.
In each microcosm the litter was immersed in filtered tap water3
for 48 h, with water replacement at 24 h, to promote the leaching of
soluble compounds (B€arlocher et al., 2010). After this time, we
replaced the water with fresh filtered tap water and added the
microbial inoculum and the different concentrations of the tested
pesticides. The experiment ran for 20 days with water/pesticide
replacement on days 5, 10 and 15. Each replacement was done by
filtering the water through a mesh in which the detritivores were
carefully kept, and thoroughly and rapidly washing the microcosm
before being refilled and detritivores returned; this minimized the
risk of pesticide concentration increasing during the experiment
due to its adherence to the microcosm walls, although there may
have been some adherence to leaf litter, which was not controlled
for.
Detritivore survival was checked every day. At the end of the
experiment (day 20), the water was filtered (100 mm) to retain all
the litter fragments and the detritivores. The litter accessible to
detritivores and that within fine mesh bags was separately oven
dried (70 C, 48 h), weighed to calculate DM, and incinerated
(500 C, 4 h) and reweighed to calculate ash-free dry mass (AFDM).
Detritivores were then fasted for 48 h within the microcosms with
100 mL of fresh filtered tap water without litter or pesticides. On
day 22, a 25-mL aliquot of water from eachmicrocosmwas taken to
evaluate HA sporulation rate and assemblage composition
following the procedures described in Cornejo et al. (2020a).2.7. Data analysis
We calculated our response variables as follows. Detritivore
survival was the median time to death (MTD; Bland and Altman,
1998); detritivore growth was the proportional change in detriti-
vore DM [(final DM e initial DM)/initial DM], but high mortality
precluded use of this variable. AH assemblage structure was
explored with non-metric multidimensional scaling (NMDS) based
on the Bray-Curtis similarity index of conidial abundance data,
using the “metaMDS” function of the vegan package of R statistical
software (R Core Team, 2019), separately for each detritivore
treatment. Differences among treatments (i.e., pesticide concen-
trations and detritivore diversity levels) were tested with permu-
tational analysis of variance (PERMANOVA, using the “adonis”
function, in the vegan package). AH sporulation rate was measured
as the number of released conidia per mg of leaf litter (AFDM) per
day. AH taxon richness was the number of species; total decom-
position rate was the proportional leaf litter mass loss [LML¼ (final
AFDM e initial AFDM)/initial AFDM)] for leaf litter accessible to
detritivores (with initial AFDM estimated based on the extra mi-
crocosms used to quantify leaching losses), divided by detritivore
initial DM to avoid the possible effect of interspecific differences;
and microbial decomposition rate was LML for leaf litter enclosed
within mesh bags.
To test our hypotheses, we used three types of analysis,
depending on the response variable. Firstly, detritivore survival was
examined with the Kaplan-Meier product-limit method (“surv”
function, survival package), and differences among treatments were
examined with a Cox proportional-hazards model (“cox.ph” func-
tion, survival package; e.g., Ferreira et al., 2010). We analysed the
whole dataset and then each detritivore treatment separately
(Anchytarsus, Hyalella, Lepidostoma and the mixture). Pesticide
treatment was included as a single factor that included both the
type of pesticide and the concentration, because this model did not
allow nested factors (see below). Secondly, effects on AH assem-
blage structure were examined (separately for each detritivore
treatment) using the “adonis” function of the vegan package (De
Caceres, 2013). The contribution of each AH species to each treat-
ment was examined with the similarity percentage procedure
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index (“multipatt” function of the indicspecies package) was used to
identify the most representative species of each assemblage.
Thirdly, effects of pesticides on all other response variables (AH
sporulation rate and taxon richness, and total and microbial
decomposition) were examined by calculating an effect size for
each treatment [effect size ¼ (treatment value e mean control
value)/mean control value]. We calculated ordinary nonparametric
bootstrapped 95% confidence intervals using the BCa method,
based on 999 bootstrap replicates (“boot” function, boot package;
Canty and Ripley, 2016; Davison and Hinkley, 1997); intervals
containing the zero value indicated no pesticide effect. We then
used linear models (“lm” function, nlme package; Pinheiro et al.,
2020) to compare effect sizes (our response variables) between
pesticide types (insecticide, fungicide or both), pesticide concen-
trations (high or low, nestedwithin each pesticide type), detritivore
diversity levels (1 or 3 species) and detritivore species (Anchytarsus,
Hyalella and Lepidostoma nested within the 1-species level); these
were all fixed factors in the models, which were followed by
multiple comparisons (TukeyHSD function, vegan package).3. Results
Detritivore survival varied depending on pesticide treatment
(Fig. 1, Table S2). The highest survival occurred in the controls with
no pesticide (with mortality only of Hyalella), and the lowest
generally occurred at the high concentration of the insecticide and
the combination of both pesticides (Table S3). There was, however,
some variation among detritivore species, with the highest survival
in Anchytarsus and the lowest in Hyalella (Table S3). There was an
effect of detritivore diversity, but it varied with pesticide treatment,
as indicated by a significant interaction between factors in the
overall model and for two of the species (Table S2).
Mean sporulation rate observed in control microcosms variedFig. 1. Detritivore survival probability through experimental time (d) in microcosms with d
both pesticides) and concentrations (L, low; H, high), and different detritivore diversity lev
4
from 4734 to 10415 conidia g1 d1 and mean taxon richness was
2.7e4.3 (Fig. S4, Table S1). Considering all microcosms, we found a
total of 15 AH sporulating taxa (Table S1), but the number of
sporulating taxa per microcosm was low (2e5). There were 1e2
dominant taxa per microcosm (mostly Flagellospora fusarioides and
Tetrachaetum elegans), with other taxa (up to 7) having minor
contribution to abundance. Only two species were indicators of
particular treatments; L. curvulawas associated with low fungicide
and high insecticide treatments (p ¼ 0.005) and Articulospora tet-
racladia Ingold was associated with high insecticide treatments
(p¼ 0.010). Community structure varied significantly depending on
pesticide treatment in microcosms with Anchytarsus, Hyalella and
the mixture (Fig. 2; Table S4). The pesticide effect on sporulation
rate differed between pesticide types (being greater for the fungi-
cide than for the insecticide or their combination) and increased
with pesticide concentration, with no variation associated to the
diversity or identity of detritivores (Fig. 3; Table 1, Table S5). The
pesticide effect on AH taxon richness was greater for the fungicide
than the insecticide (and intermediate for the combination) and
again increased with concentration. It was also greater in micro-
cosms with Hyalella than in those with Lepidostoma (Fig. 3; Table 1,
Table S5).
In the absence of pesticides, decomposition of the litter acces-
sible to detritivores ranged from 0.09 to 0.28 proportion of LML (for
Hyalella and Anchytarsus, respectively), with clear influence of de-
tritivore biomass. When decomposition was standardized by
biomass (i.e., expressed as prop. LML per initial detritivore mg),
microcosmswith Lepidostoma showedmuch higher values than the
others (Fig. S5). Microbial decomposition showed lower and more
consistent values across treatments (0.07e0.08 prop. LML), ac-
counting for an average of 42% of total decomposition (Fig. S5). The
pesticide effect on total decomposition was higher for the combi-
nation of pesticides than for individual pesticides, increased with
concentration, was higher for single-species detritivore treatmentsifferent pesticide types (Ins., chlorpyrifos; Fung., chlorothalonil; Comb., combination of
els (1 or 3 species) and species (Anchytarsus, Hyalella or Lepidostoma).
Fig. 2. Non-metric multidimensional scaling (NMDS) ordination of AH assemblages for microcosms with different pesticide types and concentrations and different detritivore
diversity levels and species (see Fig. 1 legend). Aac, Alatospora acuminata; Acra, Angillospora crassa; Alon, Angillospora longissima; Atet, Articulospora tetracladia; Dsub, Dactylella
submerse; Fcur, Flagellospora curvula; Ffus, Flagellospora fusarioides; Lter, Lemonniera terrestris; Lcur, Lunulospora curvula; Mace, Mycocentrospora acerina; Tele, Tetrachaetum elegans;
Tfur, Tetracladium furcatum; Tace, Trisulcosporium acerinum; Vsp, Variocladium sp.
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or Lepidostoma than for those with Anchytarsus (Fig. 4; Table 1,
Table S6). The pesticide effect on microbial decomposition was
higher for the fungicide and the combination of pesticides than for
the insecticide, and did not vary with other treatments.
4. Discussion
Our results reveal detrimental effects of two pesticides,
commonly used in agriculture in our study area, on stream detri-
tivores, aquatic hyphomycetes and a key ecosystem process. Pes-
ticides are known to contaminate tropical streams and, together
with associated stressors such as organic pollution and habitat loss,
alter their assemblages (Fugere et al., 2016; Rasmussen et al., 2016;
Cornejo et al., 2019) and impair their functioning (Jinggut et al.,
2012; Dawoud et al., 2017; Cornejo et al., 2020b; Fugere et al.,
2020). However, experimental evidence on the mechanisms
driving these effects in the tropics is virtually lacking. In temperate
areas, multiple laboratory experiments have demonstrated that
pesticides can reduce the survival and fitness of stream detritivores
(Flores et al., 2014; Zubrod et al., 2014; Cornejo et al., 2020a); alter
the composition of AH assemblages and reduce their biomass,
sporulation rate and taxon richness (Zubrod et al., 2015, 2017); and
reduce decomposition rates (Rasmussen et al., 2012a; Cornejo et al.,
2020a). Exploring these causal relationships in tropical areas is
important because agriculture is expanding there at alarming rates
(Gibbs et al., 2010), with pesticides often used at higher concen-
trations than elsewhere because of less restrictive regulations5
(Castillo et al., 1997), poorer management practices and lower
awareness of farmers and the community, as well as the warmer
and wetter climates that promote pesticide runoff and foster the
development of pest outbreaks (Lewis et al., 2016).
4.1. A common-use insecticide reduced the survival of tropical
detritivores
We found that chlorpyrifos, an insecticide commonly used in
our study area and in other tropical areas (Bajet et al., 2012; Diepens
et al., 2014; Sumon et al., 2016), caused elevated mortality in three
species of common detritivores that belonged to different orders.
This agrees with results of an acute toxicity test finding very high
sensitivity of these detritivores to chlorpyrifos (Cornejo et al., 2021)
and with previous work with Hyalella azteca (Phipps et al., 1995;
Trimble and Lydy, 2006), sugesting that our exposure concentra-
tions were close to the nominal values. Here, individuals started to
die immediately upon exposure, with all individuals being dead at
day 1 (Hyalella) to 15 (Anchytarsus) at the higher concentration of
the insecticide, applied alone or in combination with the fungicide
chlorothalonil. The fungicide itself also caused detritivore mortal-
ity, as previously shown in the above-mentioned experiment
(Cornejo et al., 2021) and also for a temperate caddisfly (Cornejo
et al., 2020a), although rates were lower than for the insecticide.
The fact that individuals were fasted before the experiment could
have intensified the effects of pesticides, but we note that we used
concentrations well below those reported in our study area
(0.14e15.24 mg L1 for chlorpyrifos and 0.26e0.38 mg L1 for
Fig. 3. Pesticide effect size [(treatment value e mean control value)/mean control value] on aquatic hyphomycete sporulation rate and taxon richness (mean ± SE, n ¼ 6), for
microcosms with different pesticide types and concentrations and different detritivore diversity levels and species (see Fig. 1 legend).
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Table 1
Linear models testing the influence of pesticide type (Ins., chlorpyrifos; Fung., chlorothalonil or Comb., combination of pesticides), pesticide concentration (low or high; nested
within pesticide type), detritivore diversity (1 or 3 species) and detritivore species (Anchytarsus, Hyalella or Lepidostoma; nested within detritivore diversity) on four response
variables, all quantified as a pesticide effect size [(treatment valueemean control value)/mean control value] on a given parameter (aquatic hyphomycete sporulation rate and
taxon richness, and total and microbial decomposition). Interactions were allowed but results were nonsignificant, so we present models without interactions. We show the
degrees of freedom (df), F-statistic, P-value and results of post-hoc multiple comparisons for significant effects. Anc, Anchytarsus; Hya, Hyalella; Lep, Lepidostoma.
Response variable Factor/interaction df F P Post-hoc comparisons
AH sporulation rate Pest. type 2 6.99 0.001 Fung. > Ins., Comb.
Pest. concentration 3 3.04 0.031 High > Low
Detr. diversity 1 3.84 0.052 e
Detr. identity 2 0.24 0.791 e
AH taxon richness Pest. type 2 4.41 0.014 Fung. > Ins.
Pest. concentration 3 3.03 0.032 High > Low
Detr. diversity 1 0.01 0.918 e
Detr. identity 2 7.64 <0.001 Hya > Lep
Total decomposition Pest. type 2 13.90 <0.001 Comb. > Fung., Ins.
Pest. concentration 3 31.82 <0.001 High > Low
Detr. diversity 1 12.48 <0.001 1 sp. > 3 spp.
Detr. identity 2 9.23 <0.001 Hya, Lep > Anc
Microbial decomposition Pest. type 2 66.34 <0.001 Fung., Comb. > Ins.
Pest. concentration 3 1.83 0.145 e
Detr. diversity 1 0.36 0.549 e
Detr. identity 2 1.50 0.227 e
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the field may be even greater than those revealed in our
experiment.
Some experimental studies conducted in temperate areas have
also reported lethal effects of exposure to pesticides individually or
in combination but, in contrast to our findings, effects of fungicides
were greater than those of insecticides. For example, Dawoud et al.
(2017) reported increased mortality of the isopod Asellus aquaticus
exposed to the fungicide azoxystrobin alone and in combination
with insecticide lindane, with no mortality from lindane alone; and
Flores et al. (2014) reported greater mortality of the amphipod
Echinogammarus berilloni exposed to the fungicide imazalil
compared to the insecticide diazinon, with effects of their combi-
nation being intermediate. These differences could be due to the
fact that these two studies used crustaceans, which are not target
organisms of insecticides and are sensitive to fungicides (Zubrod
et al., 2014, 2017), whereas we used two insects and one crusta-
cean, Hyalella, which did show greater mortality than the two in-
sects when exposed to the fungicide.
Differences in the degree of sensitivity of different species to the
pesticides were expected. Available evidence suggests that sensi-
tivity is determined by species-specific physiological and
morphological traits, as well as the toxicodynamics of the chemical
(Van den Berg et al., 2019). For example, body size may play a role
(Tonin et al., 2018). Thus, Hyalella, the most sensitive species in our
experiment, was also the smallest and the least sensitive, Anchy-
tarsus was the largest. Differences between Hyalella and the other
species could also be related to traits specific to crustaceans, either
anatomical (e.g., the lower complexity of their digestive tract or
their different respiratory structures; Wogram and Liess, 2001) or
physiological (e.g., their energy investment in reproduction as
adults, in contrast to insect larvae; Castiglioni et al., 2018), but
differences between the two insects are more likely related to body
size. It is also possible that survival of Hyalella was reduced by the
absence of mineral substrate in the microcosms, as crustaceans
often require higher mineral concentrations than insects for their
development (Wogram and Liess, 2001).
Interestingly, we observed that, in some cases, the survival of a
given species depended on whether it shared the microcosm with
the other species. This mostly occurred for Anchytarsus, which7
survived longer on its own than in the presence of Hyalella and
Lepidostoma at the high concentrations of the insecticide and the
combination of both pesticides. This could be due to a release from
interspecific competition for resources such as food and space
(Bastian et al., 2008; Rasmussen et al., 2012a), as resource limita-
tion can accentuate the effects of pesticides (Beketov and Liess,
2005).4.2. Pesticides altered microbial decomposer assemblages and their
performance
AH taxon richness in our study was low overall, with 15 taxa in
total, including 10 taxa previously reported (B€arlocher et al., 2010;
Caceres et al., 2015) and 2 unidentified. The dominant species
during the experiment were F. fusarioides and T. elegans, of which
only the latter was dominant in the inoculum. This cosmopolitan
species is commonly reported on litter decomposition studies
(Flores et al., 2014; Fernandez et al., 2016; Biasi et al., 2017;
Schreiner et al., 2018), has large conidia and is tolerant to organic
pollutants (e.g., Perez et al., 2013). Its abundance declined when it
was exposed to the insecticide and the fungicide. Other species
(F. fusarioides, Articulospora tetracladia Ingold, and L. curvula)
increased their sporulation when exposed to the insecticide but
reduced it when exposed to the fungicide. Our analysis indicated
that the latter two were tolerant of pesticides. Articulospora tetra-
cladia produce medium-size tetraradiated conidia capable of sec-
ondary conidiation, which might increase their frequency in
conidial assemblages (Perez et al., 2012). Similarly, species with
small and simple-shaped conidia, such as the other two dominant
taxa, usually are fast colonizers of decomposing litter and dominate
sporulation peaks (Treton et al., 2004). Previous studies have re-
ported contrasting results for L. curvula, usually associated with
warmer and nutrient-rich conditions (Perez et al., 2018), which is
affected both negatively (Duarte et al., 2008; Flores et al., 2014) and
positively (Fernandez et al., 2015; Cornejo et al., 2020a) by fungi-
cides and other contaminants. Similarly, responses of A. tetracladia
to pesticides are variable (Perez et al., 2018; Schreiner et al., 2018).
These contradictory results highlight the need for more studies
evaluating the tolerance of AHs to chemical stressors, particularly
Fig. 4. Pesticide effect size [(treatment value e mean control value)/mean control value] on total and microbial decomposition (proportion of litter mass loss, mean ± SE, n ¼ 6) for
microcosms with different pesticide types and concentrations and different detritivore diversity levels and species (see Fig. 1 legend).
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We found that both the fungicide and the insecticide caused
changes in AH assemblage structure, sporulation rate and taxon
richness, but only effects of the fungicide were negative (i.e.,
reduced sporulation rate and taxon richness) and depended on8
concentration. This was expected given that fungi are the main
target of fungicides (Flores et al., 2014; Zubrod et al., 2015; Cornejo
et al., 2020a). Interestingly, we observed higher sporulation rate
and taxon richness in microcosmswith the insecticide, suggesting a
subsidy effect sensu Odum et al. (1979), as previously observed for
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pounds (Swift et al., 1988; Cornejo et al., 2020a). Changes also
depended on the diversity and identity of the detritivores present
in microcosms, with the lowest sporulation rates and taxon rich-
ness in microcosms containing Anchytarsus or the mixture, and the
highest values in microcosms with Hyalella.
The combination of pesticides had the greatest effects on
decomposition but detritivore diversity attenuated these effects.
As expected, following studies conducted in temperate areas
(Cornejo et al., 2020a), exposure to pesticides significantly reduced
total decomposition, and this effect increased with concentration.
Importantly, total decomposition was more strongly reduced in
microcosms containing both pesticides than in those containing a
single pesticide, suggesting that they operated differently and their
effects were additive (Jackson et al., 2016). For microbial decom-
position, differences occurred between the insecticide (which
actually enhanced decomposition) and the fungicide or their
combination. Others have found increased microbial decomposi-
tion in the presence of insecticides (Dimitrov et al., 2014; Zubrod
et al., 2014, 2017), or that the presence of an insecticide moder-
ated the reduction in microbial decomposition caused by a fungi-
cide (Rasmussen et al., 2012b).
We found that pesticide effects on total decomposition were
greater for single-species detritivore treatments than for the 3-
species mixture. The fact that this did not occur for microbial
decomposition indicates that effects were due to detritivores. There
are two plausible explanations for this pattern: firstly, the negative
effects of pesticides on litter processing by one species could be
mitigated by the presence of others, possibly through facilitation
(Tonin et al., 2018); and secondly, litter processing by the species
that is less affected by pesticides (Anchytarsus in this case) com-
pensates for that of the more affected species (i.e., compensatory
species dynamics; Vinebrooke et al., 2004). Our experiment does
not allow us to identify which of these mechanisms might underlie
the buffering of pesticide effects provided by detritivore diversity,
but it suggests that loss of detritivore species might exacerbate the
effects of pesticides on stream ecosystem functioning.5. Conclusion
Ourmicrocosm experiment demonstrated detrimental effects of
commonly used pesticides (applied at concentrations well below
those reported in our study area) on tropical detritivores and
aquatic hyphomycetes, which translated into impaired ecosystem
functioning. Thus, our results support those of field studies that
revealed impacts of agricultural practices in tropical streams (Lewis
et al., 2016; Rasmussen et al., 2016; Cornejo et al., 2020b). Clearly,
there are factors that operate in streams that cannot be considered
in a microcosm experiment (e.g., stream flow and substrate) and
could interact with the results found here. However, by using mi-
crocosms wewere able to isolate the effect of pesticides from those
of other factors that cannot be separated in the field (e.g., eutro-
phication and habitat loss). Importantly, we underscore a key role
of detritivore diversity in the maintenance of ecosystem func-
tioning when streams are exposed to pesticides, which is possibly
driven by facilitation or compensatory species dynamics. We thus
highlight the importance of considering detritivore diversity loss as
one of the multiple stressors associated with agricultural activities,
especially in tropical regions, where their assemblages already are
mostly less diverse than in temperate areas (Boyero et al., 2012).Credit author statement
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